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ABSTRACT 
In this dissertation, gas separation using membranes is investigated for natural gas 
upgrading. The main objectives of this study are separation of high value hydrocarbons such as 
propane (C3H8) from natural gas and carbon dioxide (CO2) separation from light gases such as 
nitrogen (N2) and methane (CH4). To achieve these goals, supported ionic liquid membranes 
(SILMs), biphasic membranes, and nanoporous graphene (NPG) and graphene oxide (NPGO) 
membranes are studied.  
Biphasic membranes are proposed to overcome SILMs issues for gas separation. The major 
issues with SILMs are low room temperature ionic liquid (RTIL) content and instability at high 
cross-membrane pressure. For this purpose, single and biphasic cellulose acetate 
(CA)/[emim][SCN] membranes were fabricated using the solution casting and solution 
casting/phase inversion methods, respectively. Infrared spectra and atomic force micrographs were 
generated to characterize the fabricated membranes. Moreover, the transport properties of CO2, 
N2, CH4, and C3H8 gases through the CA/[emim][SCN] dope membrane (single phase), cast 
biphasic CA/[emim][SCN] membrane, and supported [emim][SCN] membrane were determined 
using a batch gas permeance system and a continuous flow instrument. The results indicate that 
the SILM has the highest and the dope membrane has the lowest permeability for CO2 and C3H8. 
The cast biphasic membrane and SILM give almost similar permeabilities for these gases. The 
stability of the dope, biphasic, and SILM membranes are further determined, indicating there is a 
breakthrough point for all membranes. This point for the biphasic and SILM membranes 
ii 
 
corresponds to a similar pressure. This shows that biphasic membranes have potential to compete 
with SILMs for gas separation applications by improving casting procedure. The dope membrane 
is less stable at high pressures than the biphasic and SILM membranes, since it is in liquid state.  
Molecular dynamics simulations were performed to gain fundamental molecular insights on the 
concentration-dependent adsorption and gas transport properties of the components in a CH4/CO2 gaseous 
mixture in single- and double-layered nanoporous graphene (NPG) and graphene oxide (NPGO) separation 
platforms. While these platforms are promising for a variety of separation applications, much about the 
relevant gas separation mechanisms in these systems is still unexplored. Based on the gas adsorption results 
in this work, at least two layers of CO2 are formed on the gas side of both NPG and NPGO, while no 
adsorption is observed for pure CH4 on the single-layered NPG. In contrast, increasing the CH4 
concentration in the CH4/CO2 mixture leads to an enhancement of the CH4 adsorption on both separation 
platforms. The through-the-pore diffusion coefficients of both CO2 and CH4 increase with an increase in 
the CH4 concentration for all NPG and NPGO systems. The permeance of CO2 is smaller than that of CH4, 
suggesting the NPG and NPGO platforms are more suitable as CO2 adsorbents or membranes for the 
CH4/CO2 (rather than the CO2/CH4) separation. The highest observed selectivities for the CH4/CO2 
separation in the NPG and NPGO platforms are about 5 and 6, respectively. 
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CHAPTER I 
INTRODUCTION 
Natural gas as a main energy source is attracting more attention due to its lower price than that of 
oil. Furthermore, the natural gas emits 50 to 60 percent less greenhouse gases to the atmosphere 
when compared to fuels such as coal [1]. Therefore, the natural gas processing to remove the 
undesired components is also gaining more attention. Natural gas mainly contains CH4, ethane, 
CO2, N2, and some higher hydrocarbons such as C3H8 and C4H10 [2].  
In this dissertation, gas separation using novel membranes are investigated. The main 
objective of this work is to explore novel membranes for natural gas upgrading. The main goal of 
most studies is to remove CO2 from natural gas. Several types of membranes such as polymeric 
membranes and zeolite membranes have been developed. However, the application of current 
membranes is limited due to low selectivities at high permeabilities. In addition, separation of 
C3H8 and C4H10 from natural gas requires reverse-selective membranes to compete with the 
cryogenic separation [3]. C3H8 and C4H10 can be used as a feed in the petrochemical industry. 
Room temperature ionic liquid (RTIL) based membranes or RTIL-membranes have potential to 
be reverse-selective membranes for the separation of C3H8 and C4H10 from natural gas because 
solubility dominates their gas transport [3]. Furthermore, RTIL-membranes can achieve both high 
selectivity and permeability [4–12]. Therefore, we decided to use RTIL-membranes to determine 
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their potential for natural gas upgrading. In addition, their ability for CO2 separation from 
permanent gases are determined.  
The most important gas transport parameters of a membrane are permeability and 
selectivity. In this dissertation, the permeability and selectivity of main components of natural gas 
(CH4, C3H8, CO2, and N2) are determined. The permeability is defined as the amount of a gas or 
liquid through a membrane. The permeability of a membrane is the product of gas diffusivity and 
solubility in RTIL. The permeability can be determined using the following formula: 
𝑃 = 𝑆 × 𝐷        (1.1) 
where P is the permeability, S is the solubility, and D is the diffusivity. 
Permeability of a gas in an RTIL mainly depends on the molar volume and viscosity of the 
RTIL [6]. However, based on the work done by Scovazzo [6], the CO2 permeability strongly 
depends on the viscosity of the RTIL. In contrast, the CO2 permeability is not highly affected by 
the molar volume of the RTIL and its effect is almost negligible [6].  
The selectivity of a gas pair, αij, can be determined by dividing the permeability of the 
faster permeating gas i with the permeability of the slower permeating gas j. The following formula 
is used to calculate selectivity: 
𝛼௜௝ =
௉೔
௉ೕ
       (1.2) 
where Pi and Pj are the permeability of the fast and slow permeable gases.  
Since the gas transport through the RTIL-membranes is dominated by the solubility [13–
17] instead of gas diffusivity, the selectivity of the RTIL-membranes mainly depends on the gas 
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solubility. The gas solubility in the RTILs is investigated by several researchers [18–21]. Regular 
solution theory was used to explain CO2 solubility in the RTILs. According to the regular solution 
theory, the CO2 solubility in the RTILs or Henry’s Law Constants can be determined using 
solubility parameters. The following equation relates the Henry’s Law Constant to the solubility 
parameter [16,22]: 
𝐿𝑛 ቀ𝐻ଶ,ଵ(𝑎𝑡𝑚)ቁ = 𝑎 + 𝑏(𝛿ଵ − 𝛿ଶ)ଶ    (1.3) 
where H2,1(atm) is the Henry’s constant in which 1 is RTIL and 2 is CO2, δ is the solubility 
parameter, and a and b are empirically determined constants for a specific temperature and 
pressure. The solubility parameter is calculated from the following formula [16,19,22,23]: 
𝛿 =
⎝
⎜
⎛
2.56 × 10଺ ቀ ௃
௠௢௟
ቁ൮
௭భ௭మ൬
೎೘య
೘೚೗൰
భ
య
௏ೃ೅಺ಽ
ర
య
൲ቌ1 −
଴.ଷ଺଻൬೎೘
య
೘೚೗൰
భ/య
௏ೃ೅಺ಽ
భ/య ቍ
⎠
⎟
⎞
ଵ/ଶ
(1.4) 
where VRTIL is the RTIL molar volume and z1 and z2 are the cation and anion charges, respectively.  
The equation 1.4 shows that the CO2 solubility in the RTIL depends only on the molar 
volume of the RTIL. This is confirmed by Scovazzo [6] using the experimental data analysis.  
The CH4 and N2 solubility in the RTILs depends on the polarity of the RTILs [3,21]. The 
polarity of an RTIL can be determined using hydrogen bond accepting ability of the RTIL. The 
higher the hydrogen bond accepting ability which is an indication of the polarity, the more 
deviation from the ideal solution behavior [3,21]. Khakpay and Scovazzo showed [3] that the 
permeability of the CH4 and N2 depends linearly on the polarity in which an increase in the polarity 
leads to a decrease in the CH4 and N2 permeability. In addition, they showed that [emim][SCN] 
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showed the best performance for the reverse-selective separations as well as low permeability for 
the CH4 and N2. Also, [emim][SCN] can dissolve cellulose acetate [24]. Therefore, in this work 
[emim][SCN] has been selected to study. 
In Chapter 2, the biphasic membranes are studied experimentally. The biphasic membranes 
are investigated to resolve the drawbacks of the supported ionic liquid membranes (SILMs). The 
biphasic membranes exhibit both high permeability and selectivity similar to those for RTIL-
membranes. The main advantage of the biphasic membranes is that theywithstand higher cross-
membrane pressures when compared to SILMs. The gas transport properties are determined for 
CO2, N2, CH4, and C3H8 to test the prepared membranes’ ability for the separation of CO2 and high 
value hydrocarbons such as C3H8 from CH4. The results confirm a satisfactory separation factor 
for the natural gas upgrading. 
In addition to the RTIL-membranes, other materials such as carbon/carbon composite 
membranes are considered. However, the expected outcome was not achieved for those membrane. 
RTIL/graphene-hybrid might help, but it would be premature to combine before we understand 
gas transport/adsorption in graphene.  So we looked at gas transport/adsorption in the graphene 
materials for this purpose. Nanoporous graphene (NPG) and graphene oxide (NPGO) membranes 
were selected to computationally study the CO2 separation from methane.  
In Chapter 3, NPG and NPGO films are computationally studied to examine their ability 
for CO2 removal from CH4. NPG and NPGO films are selected for CO2 separation from CH4 due 
to their surface ability to adsorb CO2. Oxygenated functional groups are used to modify the surface 
of NPG films to increase the adsorption of CO2. The results showed that the studied films are good 
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as adsorbents rather than membranes and NPG or NPGO are suitable for the separation of CH4 
from CO2. 
Chapter 4 includes the conclusions of the dissertation and in Chapter 5, some suggestions 
for the future work are given. 
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CHAPTER II 
BIPHASIC CELLULOSE ACETATE /IONIC LIQUID MEMBRANES FOR GAS 
SEPARATION 
In this chapter, the use of biphasic membranes for gas separation applications is investigated. We 
studied three types of membranes including dope, cast biphasic, and SILM membranes. The main 
objective was to determine the performance of cast biphasic RTIL-membranes compared to the 
widely studied doped and SILM membranes. This study includes CO2 and N2 separation from CH4 
along with the reverse-selective potential of these membranes.  
 
2.1. Abstract 
In this work, the biphasic polymer/room-temperature ionic liquid (RTIL) membranes for gas 
separation is investigated to overcome drawbacks of supported ionic membranes (SILMs). For this 
purpose, single and biphasic cellulose acetate (CA)/[emim][SCN] membranes were fabricated 
using the solution casting and solution casting/phase inversion methods, respectively. Infrared 
spectra and atomic force micrographs were generated to characterize the fabricated membranes. 
Moreover, the transport properties of CO2, N2, CH4, and C3H8 gases through the CA/[emim][SCN] 
dope membrane (single phase), cast biphasic CA/[emim][SCN] membrane, and supported 
[emim][SCN] membrane were determined using a batch gas permeance system and a continuous 
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flow instrument. The results indicate that the supported ionic membrane (SILM) has the highest 
and the dope membrane has the lowest permeability for C3H8. On the other hand, the dope 
membrane has the highest permeability for N2 and CH4, while the cast biphasic membrane and 
SILM give almost similar permeabilities for these gases. The separation performance of the cast 
membrane is approximately similar to the SILM separation performance. The stability of the dope, 
biphasic, and SILM membranes are further determined, indicating there is a breakthrough point 
for all membranes. This point for the biphasic and SILM membranes corresponds to a similar 
pressure. This shows that biphasic membranes have potential to compete with SILMs for gas 
separation applications by improving casting procedure. The dope membrane is less stable at high 
pressures than the biphasic and SILM membranes, since it is in liquid state. 
 
2.2. Introduction 
Membrane technology has emerged as a viable technology for gas separation due to the advantages 
over other technologies of lower energy consumption, higher reliability, ease of maintenance, and 
lower initial cost requirements [25–28]. Membranes are used for carbon dioxide (CO2) removal 
from natural gas and they are becoming competitive to the traditional methods such as amine 
absorption, cryogenic distillation, and pressure swing adsorption [27,29,30]. Methane (CH4) is the 
main component of the natural gas, but natural gas also contains ethane, propane, and butane 
[28,31–33]. The processing of natural gas includes removal and capture of light hydrocarbons that 
are important for the downstream petrochemical units [34,35]. For achieving this separation, larger 
molecules should permeate faster than smaller molecules due to larger molecular size of propane 
and butane compared to methane; this is the reverse behavior of conventional membranes. Such 
membranes are known as reverse-selective membranes. RTIL-membranes have potential for 
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reverse-selectivity due to gas transport mechanism in the RTIL-membranes. The gas solubility in 
the RTIL dominates gas transport through the RTIL-membranes. Therefore, RTIL-membranes can 
separate larger molecules based on the gas solubility. The prime indicator of reverse-selective 
membranes is C3H8/N2 separation [36]. Also, C3H8/CH4 separation can be used as indicators of 
reverse-selectivity. Recently, many researchers tried to determine gas separation properties of 
membranes for separation of light gases; such as, H2, O2, N2, CH4,  CO2, or vapor recovery from 
gas mixtures [37,38].  
Despite the different types of materials used to synthesize membranes, polymeric 
membranes are widely used for gas separation applications [29]. However, the major drawback 
for the polymeric membranes is that they suffer from a tradeoff between permeability and 
separation performance [39]. Membranes with high gas permeability generally have low 
separation factor, while membranes with an acceptable separation selectivity are low in the gas 
permeability. Cellulose acetate (CA) has been used to fabricate membranes since Loeb and 
Sourirajan [40] fabricated the first CA reverse osmosis membranes through phase inversion. 
Different methods are used to form membranes using phase inversion process including dry phase, 
wet phase, and dry/wet phase inversion [41]. The interactions between polymers and solvents 
during phase inversion has a large impact on the membrane properties [42–45]. However, in 
general, only traditional organic solvents have been explored [43–45]. Many researchers fabricated 
different CA membranes for gas separation and water purification applications [24,32,46–51].  
Room temperature ionic liquids (RTIL) are salts that are liquid at room temperature [14]. 
RTILs have drawn great attention in recent years for the fabrication of novel and effective 
materials for special tasks such as CO2 capture [52]. RTILs are environmentally friendly solvents 
when compared to the organic solvents. RTILs have special properties such as negligible vapor 
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pressure, chemical and thermal stability, recyclability, and non-flammability [51]. Many 
investigations have shown that CO2 is highly soluble in most RTILs when expressed in mole/mole 
units [5]. The integration of ionic liquids and membranes is predicted to play an important role in 
providing cost-effective and energy efficient gas separation technologies to replace traditional 
methods [53]. SILMs are porous membranes in which ionic liquid is immobilized inside the pores 
of a polymeric or inorganic support by impregnating RTIL in the support [54–56].  
The synthesis of an RTIL with competitive selectivity would remain only a laboratory 
success story unless a means to easily and continuously cast RTILs onto a membrane is found. 
The lack of viable casting technique for large scale industrial fabrication is a hindrance to industrial 
deployment of the RTIL-membranes. SILMs have shown a good performance for the gas 
separation. However, the major drawback is they cannot withstand over 4 bars of cross-membrane 
pressures which a cross-membrane pressure over 15 bars is necessary for the industrial purposes. 
Researchers have tried to use polymerized ionic liquid membranes and their composites with 
RTILs to overcome this problem [57–60]. However, the results were unsatisfactory due to low 
permeability and selectivity when compared to the SILMs. Another issue with SILMs, which 
should be addressed is the quantity of trapped RTIL, within the porous support. To resolve the 
later issue, the RTIL composite membranes are proposed. RTIL composite membranes are mostly 
polymerized ionic liquid membranes in combination with RTILs at different concentrations. The 
results showed the high loadings of RTIL have demonstrated improved membrane performance 
[61–63].  
The main objective of this work is to increase the membrane ability to withstand high cross 
membrane pressure and RTIL loading capacity; therefore, a biphasic membrane on a polymeric 
support is proposed. We started by looking at the fundamental science to create a casting solution 
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that would result in a biphasic polymer/RTIL thin film after exposure to a polar solvent such as 
water. In this work, CA and 1-ethyl-3-methylimidazolium thiocyanate ([emim][SCN]) RTIL are 
used to cast a thin layer of CA/[eimm][SCN] biphasic film using a phase inversion method on a 
polytetrafluoroethylene (PTFE) support. [emim][SCN] is entrapped in the pores of CA phase. We 
hypothesize that the resulting membrane will have both high RTIL content and higher mechanical 
stability when compared to SILMs. In addition, the reverse-selective behavior of cast membranes 
is examined. Reverse-selective are defined as membranes in which larger molecules pass 
membrane faster than small molecules. This can be achieved by using RTIL-membranes. The gas 
transport through the RTIL-membranes is dominated by the gas solubility and gas separation is 
achieved by solubility instead of diffusivity. To the best of our knowledge, the gas transport 
properties for biphasic membranes using CA/RTIL as well as their reverse-selective behavior for 
gas separation applications has not been previously published. In order to achieve these goals, we 
determined and compared the gas permeabilities of CO2, N2, CH4, and C3H8 using three types of 
membranes CA/RTIL biphasic membrane, CA/RTIL dope, and SILM to evaluate the selectivity 
of the following separations: CO2/N2, CO2/CH4, C3H8/N2, and C3H8/CH4. Furthermore, the 
stability of the membranes for different feed pressures are determined. These studies were done in 
both a single gas permeate testing unit and in tests using continuous mixed gas feeds. Since the 
continuous flow system does not have sensors to determine propane concentration, the batch 
system used to investigate the reverse-selectivity of the membranes and continuous flow 
instrument used to investigate CO2/CH4 separation.  
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2.3. Hypothesis 
The purpose herein is to develop a casting solution and procedure that will produce a membrane 
film with pure RTIL trapped and surrounded by a continuous polymer phase.  Figure 2.1 shows 
the expected biphasic membrane cross section morphology. This cast biphasic membrane will 
resemble SILMs in that SILMs also contain pure RTILs trapped in interconnect pores running 
through the polymer.  The main difference of biphasic and SILM membranes is the RTIL drops 
are trapped in a continuous phase of polymer and the drops are not interconnected, while RTIL in 
the SILMs is trapped in the interconnected pores of the support which is easier to displace. Doped 
membranes have trapped RTIL on the molecular level in the spaces between the polymer chains 
forming a single phase membrane with the RTIL/polymer homogeneous phase containing a 
percentage of RTILs.  
 
 
Figure 2. 1. Expected morphology of the biphasic membrane. 
 
For our study we selected comparing our cast biphasic membrane with representatives of 
the prior RTIL membranes in the literature (SILMs and doped-membranes). 
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2.4. Experimental 
2.4.1. Materials 
We determined pure gas permeabilities through CA/RTIL biphasic, CA/RTIL dope, and SILM 
membranes. 1-ethyl-3-methylimidazolium thiocyanate ([emim][SCN], purity > 99.0%, CAS 
331717-63-6, viscosity=20.79 cP, molar volume=1.52×10-4 m3/mol, MW=169.25 gr/mol, 
hydrogen bond accepting ability=0.71 [64]) was purchased from IOLITEC Inc. (Tuscaloosa, 
Alabama). [emim][SCN] is chosen due to its high polarity (hydrogen bond accepting ability which 
is an indication of reduced CH4 solubility in the RTILs [21]). In addition, [emim][SCN]’s viscosity 
makes it more feasible to cast flat and uniform membrane sheets. This RTIL is chosen due to its 
low viscosity and high hydrogen bond accepting ability which results in a low CH4 and N2 
permeances [3,21]. Cellulose acetate (CA, purity > 97.0%, acetyl content=39.7 wt.%, CAS 9004-
35-7, average Mn=50000 by GPC) was acquired from Sigma-Aldrich. The chemical structure of 
[emim][SCN] and CA is shown in Figure 2.2. Isopropanol (IP, purity > 99.5%, CAS 67-63-0) is 
purchased from Fisher Scientific. 
 
     
(a)                                           (b) 
Figure 2. 2. Chemical structures of a) [emim][SCN] and b) CA [65] 
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Ultrahigh purity carbon dioxide (CO2), nitrogen (N2), and methane (CH4) were purchased 
from NexAir (Memphis, Tennessee). Also, propane (C3H8) (purity > 99.70%) was obtained from 
Conley Gas (LA Porte, Texas). The porous hydrophilic polyvinylidene fluoride (PVDF, 
diameter=47 mm, porosity=70%, thickness=125 µm, nominal pore size=0.1 µm, obtained from 
Pall Corporation), used for the SILM-membrane fabrications, was obtained from Millipore 
Corporation. The porous hydrophobic polytetrafluoroethylene (PTFE, diameter=47 mm, 
thickness=178 µm, nominal pore size=0.5 µm, obtained from Pall Corporation) was used for a 
backing for the biphasic and doped membranes.  
 
2.4.2. Apparatus 
The experiments were carried out in using two devices: a diffusion cell (Figure 2.3) and a 
continuous flow instrument (Figure 2.4). A complete description of the experimental apparatuses 
can be found in Morgan et al., Scovazzo et al., and Khakpay and Scovazzo [3,66,67], the following 
is a brief summary.   
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Figure 2. 3. Schematic diagram of the diffusion cell instrument for single gas permeability test [66] 
 
 
Figure 2. 4. Schematic diagram of the continuous flow instrument for mixed-gas feed permeability test 
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All of the single gas permeabilities are determined using the diffusion cell. The diffusion 
cell contains two stainless steel chambers as feed and permeate chambers. In addition, this 
experimental apparatus includes a vacuum pump (Fisher Scientific Maxima C Plus, Model M8C 
with an ultimate pressure rating of 10-4 Torr), a 0-5-psia pressure transducer (Omega PX811-
005AV), and a PC for recording data. Furthermore, a temperature controller was used to control 
the unit temperature which is in an insulated box. Moreover, the unit has a septum port to inject 
test gases to the feed chamber using a syringe. In this work, two Viton O-rings were used to hold 
vacuum. The volume of feed and permeate chambers were 97 and 81 mL, respectively. The active 
area of the membrane was 11.064 cm2. 
The continuous flow instrument was used to determine mixed gas permeabilities for a 
mixed-gas feed containing CO2 and CH4. The continuous flow instrument was installed in a box 
in order to insulate it from the environment to control and keep the temperature at 30oC. The flow 
rates of individual gases (CO2, CH4, and N2 as sweep gas) were controlled using MKS Type 1179A 
Mass-Flo® controllers (MFCs) operating on a molar basis. To set gas flow rates on a desired value 
or a desired CO2/CH4 ratio instantly, the molar flow controllers connected to a MKS Type 247D 
Four-Channel Readout. As shown in Figure 2.3, after the flow controllers the feed stream flows 
into an Omega® FMX8400 Series static mixer to completely mix the gases (CH4 and CO2). To 
achieve a stabilized and thermostated mix, the mixed gas enters a Swagelok 300ml vessel 
(Swagelok 304L-HDF4-300). The mixed-gas leave the 300ml vessel and flows into the membrane 
unit which contains a stainless steel dual-chamber. The membrane unit was sealed from the 
atmosphere using two O-rings. The well-mixed conditions on the both sides of membrane in the 
membrane unit were achieved by impingement flow onto the center of the membrane support in 
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the both retentate and permeate side of the membrane. The active area of the membrane for the 
continuous flow instrument was 9.621 cm2. 
The continuous flow instrument has sensors to determine upstream and downstream 
conditions. The upstream sensors determined the feed condition such as temperature, and pressure. 
The downstream sensors measured the same properties for the retentate and permeate streams. The 
humidity of the retentate stream is determined to ensure that the system processed dry gases. 
Furthermore, the concentration of CO2 and CH4 were measured by means of infrared gas sensors 
on the permeate flow. The CO2 and CH4 concentrations were obtained using Vaisala GMM 221 
(0–5% by volume) and Edinburgh Instruments iRcel 2179 (0–5% by volume) sensors, respectively. 
The accuracy and performance of both sensors were checked by using calibration gases and gas 
chromatographic analysis. The results are recorded spontaneously using a PC. The recorded data 
includes the atmospheric, retentate, and permeate pressures, box, retentate, and permeate 
temperatures, retentate relative humidity, CO2 and CH4 concentrations. 
 
2.4.3. Methods 
2.4.3.1. [emim][SCN]/CA Solution Preparation and Characterization 
First, CA powder was dried at 50oC in a vacuum oven overnight to remove the moisture. 
[emim][SCN] was dehydrated using a vacuum rotary evaporator. Then, CA was dissolved in 
[emim][SCN] with a concentration of 12 wt.%. To prevent polymer agglomeration, CA powder 
was slowly dispersed in [emim][SCN] while stirring [41,42]. Then, the prepared solution was 
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stirred for 2 days at 60oC until CA was fully dissolved. Before using the solution, it was kept in a 
vacuum oven at 60oC for 2 days to degas. 
Infrared spectra were recorded using an attenuated total reflectance Fourier transform 
infrared spectroscopy (ATR-FTIR) (Cary 630 FTIR spectrometer, Agilent Technologies, Inc., CA, 
USA) with a scanning resolution of 4 cm-1. The samples were analyzed over the range of 500-4000 
cm-1 in the attenuated total reflectance (ATR) mode. Each sample was scanned at least 3 times. 
The morphology of the cast membrane was analyzed by an atomic force microscope (MultiMode 
8, Bruker Nano, Inc.) in tapping mode. 
 
2.4.3.2. Membrane Fabrication 
The developed casting procedure used water or isopropanol (IP) as casting agents to create a 
biphasic membrane film. Casting membranes using isopropanol was unsuccessful due to cellulose 
acetate (CA) agglomeration. Therefore, we used water to prepare the biphasic membranes.  
The dope and biphasic membranes were fabricated by casting [emim][SCN]/CA solution 
using a casting knife on a horizontal glass plate. The dope membrane was cast on layer of PTFE 
since the [emim][SCN]/CA solution is in the liquid state. The cast membranes are uniform and flat 
with a thickness of 100 µm. In order to make biphasic membrane, the prepared membrane together 
with the glass plate were soaked into a water or IP bath for 10 minutes to cause phase inversion of 
the ionic liquid/polymer solution. The resulting membrane was peeled off the glass plate. The 
result was a structurally stable asymmetric membrane with a PTFE backing sheet.  The prepared 
membranes were degassed and dehydrated overnight using a desiccator under vacuum. After 
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completion of drying, membranes were cut in accordance with the diffusion cell and continuous 
flow instrument sizes. All processes were carried out at room temperature 25±1oC.  
The SILM was prepared by impregnating a porous polymer support with 1 mL of RTIL to 
immobilize the RTIL in the pores of the support.  The polymer used for the porous stabilizing-
support was hydrophilic polyvinylidene fluoride (PVDF).  The fluoride backbone of PVDF is 
stable in the presence of [emim][SCN] and hydrophilic porous PVDF has been used before for 
SILMs [67,68].  The first step in fabricating the SILM is to spread 0.5 ml of the RTIL onto a watch 
glass using a syringe. Then, the PVDF support was placed on it to absorb the RTIL. To minimize 
the trapped air in the backing of the active layer of the PVDF support, the active side was placed 
on top of the liquid. Upon completion of the membrane wetting, the remaining 0.5 mL of the RTIL 
was spread over the PVDF support until it was completely soaked with the RTIL. The prepared 
membrane was degassed and dehydrated by a vacuum desiccator overnight, after which, the excess 
of the RTIL was removed from the surfaces of the membrane using a filter paper before mounting 
in the apparatus. 
 
2.4.3.3. Mounting and Testing Prepared Membrane into Diffusion Cell 
Since the prepared dope membrane is in the liquid state, to avoid liquid displacement and creation 
of pin holes due to the pressure of O-ring and feed chamber, a layer of PTFE was placed on top of 
the cast doped membrane. Moreover, to avoid the displacement of liquid from supporting 
membrane pores under pressure, a layer of porous hydrophobic polytetrafluoroethylene (PTFE) 
was placed beneath the prepared membrane before mounting it inside the cell. The hydrophobic 
nature of the PTFE support prevents its wetting with the RTIL.  
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The feed and permeate chambers were cleaned using ethanol and tissue papers after 
removing an old membrane from the apparatus. After cleaning the diffusion cell, the newly 
prepared membrane was installed inside the cell and the system was kept under vacuum (< 4 Pa) 
overnight to degas the membrane, feed and permeate chambers at 30oC.  
The test begins with the injection of 30 ml of the test gas onto the feed chamber. A pressure 
transducer continuously measured the pressure in the permeate chamber for 5 hours. The feed and 
permeate chambers were degassed for 1 hour after each experiment to remove the remaining gases 
in the membrane, feed and permeate chambers. A new experiment was started by injecting a new 
gas volume into the feed chamber. All experiments were repeated at least three times to ensure 
statistical accuracy and relevance.  
 
2.4.3.4. Mounting and Testing Prepared Membrane into Continuous Flow Instrument 
The stabilization processes for the membranes used in the continuous flow instrument are similar 
to the ones explained in the previous section for the diffusion cell. The feed and permeate chambers 
were cleaned using ethanol and tissue papers after removing old membrane from the apparatus. 
After cleaning the feed and permeate chambers, the newly prepared membrane was installed inside 
the membrane unit. Then, the mixed-gas feed flowed into the membrane unit. CH4 and CO2 with 
a ratio of 4:1 were used as feed for the mixed-gas permeability tests. The flow rates of CH4 and 
CO2 were 80 and 20 sccm (standard cubic centimeters per minute) which is close to the raw natural 
gas concentration for CH4 and CO2, respectively. Furthermore, N2 with the flow rate of 8 sccm 
was used as sweep gas. The sweep gas flows directly into the permeate side of the continuous 
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instrument to flush the permeated gases out of the membrane unit into the sampling sensors. 
Having reached steady-state condition, which is about 2 hours for each experimental change in the 
feed condition, the data was collected for 1 hour and averaged before analysis. A new experiment 
was started by a change in the feed pressure. All experiments were repeated at least three times to 
examine the repeatability of results. 
 
2.5. Data Analysis 
To determine the permeability in the batch system, the slope of the pressure as a function of time 
curve in the pseudo-steady state range of data was used. 
The permeability and selectivity of the gases in the continuous flow instrument are 
determined under the assumption that the gases in the feed and permeate are well-mixed [67]. The 
following formula can be used to calculate the selectivity [67] under these well-mixed conditions: 
𝛼௜௝ =
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௫೛.ೕ
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ቂ(ଵି௫ೝ.೔)ିቀ
ು೛
ುೝ
ቁ௫೛.ೕቃ
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ು೛
ುೝ
ቁ௫೛.೔
቉      (2.1) 
where α is the selectivity, i is the fast permeable gas, j is the slow permeable gas, xr.i is the mole 
fraction of the gas i in the retentate stream, xr.i is the mole fraction of the gas j in the retentate 
stream, xp.i is the mole fraction of the gas i in the permeate stream, xp.j is the mole fraction of the 
gas j in the permeate stream, Pr is the retentate stream pressure, and Pp is the permeate stream 
pressure.  
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To check the calculation results, selectivities were also calculated using gas permeances. 
Gas permeance was calculated using the sweep gas flow rate combined with the fluxing species 
mole fractions in the feed and permeate streams. The feed and permeate gas mole fractions were 
determined by gas analysis. The following equation calculated fluxing gas flow rate [67]: 
𝐺௜ =
௫೛.೔
௫೛.ೄೢ೐೐೛
𝐺ௌ௪௘௘௣      (2.2) 
where Gi is the gas i flow rate, xp.Sweep is the mole fraction of sweep gas in the permeate stream, 
and GSweep is the sweep gas flow rate. The gas permeance can be calculated using the gas flow rate, 
gas driving force, and membrane active area. Therefore, the gas permeance is calculated using 
following equation [67]:  
𝐿௜ =
ீ೔
஺൫௉ೝ௫ೝ.೔ି௉೛௫೛.೔൯
       (2.3) 
where Li is the gas i permeance and A is the membrane active area. Then, the selectivity can be 
determined by dividing the permeance of fast permeable gases to the permeance of slow permeable 
gas. 
 
2.6. Results and Discussion 
2.6.1. Membrane Characterization 
Figure 2.5 shows the FTIR spectra for the pure [emim][SCN], doped, and biphasic membranes. 
The peaks for the wavenumbers less than 1600 cm-1 is mainly due to the presence of imidazolium 
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ring. Furthermore, the peak at 2050 cm-1 shows the -C≡N stretching of the anion. Similar results 
are published in the previous studies [42,69,70].  
The hydrogen bonding between the [emim] cation and [SCN] anion in the pure 
[emim][SCN] is confirmed by the presence of broad bonds in =C-H stretching region around 3120 
cm-1 and –C-H stretching close to 3020 cm-1. Chung et al. [42] and Dupont [71] reported similar 
results for the pure [emim][SCN]. The experimental and computational studies confirmed that 
imidazolium based RTILs have a charge-ordered structure because of their Coulombic interactions 
and hydrogen bonding between ions of RTIL [42,71–74]. This expedites the self-organization of 
the RTILs [42,71–74]. In addition, Figure 2.5 shows that the addition of 12 wt% of CA to the 
[emim][SCN] does not shift the wavenumbers of hydrogen bonded C-H group. Moreover, similar 
results are determined for the cast membrane. This indicates that the CA chains are enclosed by 
the cations and anions of the RTIL indicating that the network of RTIL ions are still continuous 
and remains at a good extent. Furthermore, the addition of the CA to the RTIL does not break the 
RTIL network and it is still continuous showing that RTIL structure does not change in the CA 
and [emim][SCN] mixture because of the strong hydrogen bonding and Coulombic forces for both 
dope and cast membranes. Similar results are reported by Chung et al. [42]. 
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Figure 2. 5. The FTIR spectra for pure [emim][SCN], dope, and cast biphasic membrane 
 
In addition to the FTIR tests, images from the surface of the cast biphasic membrane were 
taken using AFM. The results are shown in Figure 2.6. The results show that the membrane surface 
is a combination of CA agglomerated regions and uniform region (see Figure 2.6). The presence 
of agglomerated CA is due to the phase separation into the RTIL rich and CA rich phases which 
is due to miscibility of the [emim][SCN] in the water. This image indicates that the cast biphasic 
membrane is mainly uniform showing the satisfactory casting procedure. Furthermore, the phase 
image confirms the presence of CA agglomerated regions (white regions in Figure 2.6). 
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(a)       (b) 
Figure 2. 6. AFM images of cast membrane: a) surface topography b) phase distribution.  
The white regions are CA rich regions while, the brown regions are RTIL rich regions. 
 
 
2.6.2. Permeability Results 
Gases penetrate through the dope, biphasic, and SILM membranes with different mechanisms. The 
gas transport mechanism through the dope membranes is a solution-diffusion mechanism. 
Therefore, the permeability of gases can be determined directly using equation 1.1 since the dope 
solution is the only available media for gas transport. Figure 2.7 shows the gas transport 
mechanism through the dope membrane.  
 
25 
 
 
Figure 2. 7. Gas transport through the dope membrane. 
 
Figure 2.8 shows the gas transport mechanism through the biphasic membrane. Similar to 
the dope membrane, gas transport mechanism through the is a solution-diffusion mechanism. 
However, the available media for the gas transport through the biphasic membrane is different. 
The gas molecules pass through the continuous polymer bulk and RTIL pockets in the polymer 
bulk. First, gas molecules diffuse through the polymer surface. Some gas molecules pass the 
biphasic membrane without passing the RTIL pockets. Since the gas diffusion coefficient in solids 
is smaller when compared to those in liquids, the permeation through the polymer bulk is slow. 
However, after diffusion through the biphasic membrane surface, some gas molecules reach to the 
RTIL pockets in the polymer bulk. The gas transport in the RTIL pockets is dominated by the 
solubility. Therefore, gas transport through the RTIL pockets are fast when compared to that of 
polymer bulk. After passing through the RTIL pocket, gas molecules diffuse through the polymer 
bulk to reach another RTIL pocket or the other side of the biphasic membrane. The gas 
permeability through the biphasic membrane can be determined using the theoretical models for 
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the permeability through mixed matrix membranes. Maxwell model is one of the theoretical 
models to determine gas permeability through a mixed matrix membrane [75]:   
𝑃௥௔ =
௉೐
௉೘
=
ଵାమഝ൫ഊ೏షభ൯൫ഊ೏శమ൯
ଵିഝ൫ഊ೏షభ൯൫ഊ೏శమ൯
    (2.4) 
where Pra is the permeability ratio, Pe is the effective gas permeability in the mixed matrix 
membrane, Pm is the gas permeability in the matrix (continuous phase), ϕ is the volume fraction 
of the filer particles (the RTIL pockets), and λd is the permeability ratio. λd is calculated using 
following equation: 
𝜆ௗ =
௉೏
௉೘
      (2.5) 
where Pd is the gas permeability through the dispersed phase (the RTIL pockets).  
 
 
 
Figure 2. 8. Gas transport mechanism through the biphasic membrane. 
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Figure 2.9 presents the gas transport mechanism through the SILMs. Similar to the dope 
and biphasic membranes, the gas transport mechanism in the SILM is diffusion-solution. Gas 
molecules can permeate in the SILMs through the support and RTIL. The overall permeability is 
the summation of gas permeation through the support and RTIL. The gas permeability through the 
SILMs is determined using following equation: 
𝑃 = 𝜙𝑃ோ்ூ௅ + (1 − 𝜙)𝑃ௌ௨௣௣௢௥௧    (2.6) 
where PRTIL and PSupport are the gas permeabilities in RTIL and support, respectively.  
 
 
 
Figure 2. 9. Gas transport mechanism in SILMs. 
 
The gas permeability through the polymeric support is negligible when compared to that 
of RTIL. Because, gas transport in RTILs based on the solubility. In contrast, gas diffusion through 
support is smaller than that of RTIL. Therefore, the gas permeability in SILMs depends only on 
the gas transport through RTIL. The following formula is used to determine gas permeability: 
𝑃 = 𝜙𝑃ோ்ூ௅       (2.7) 
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The reverse-selectivity of the dope, biphasic, and SILM membranes are studied using the 
batch instrument due to limitations of the continuous flow system for C3H8. The main assumption 
for determination of permeabilities in this experimental study is that gas separation is completely 
because of the prepared membrane films; the PTFE backing does not impact the gas separation. 
Furthermore, the determined permeabilities are affected by the leakage rate into the permeate 
chamber of the test equipment (Section 2.4.2) which is 1.5 Barrers (1 Barrer = 10-10 
cm3STP.cm/(cm2.s.cmHg)).  
The permeabilities were determined using the steady state region of data. The pure gas 
permeabilities for CO2, N2, CH4, and C3H8 were determined using initial pressures of 
approximately 30 kPa at 30oC (Table 2.1). The permeability and selectivity results for the CO2 
involving separations are reported in the Appendix A, because the CO2/CH4 separation was studied 
using continuous flow system and the results are in Section 2.6.4.  
The SILMs showed the highest permeability for the C3H8, while the biphasic membrane 
had the lowest permeable membrane for the C3H8. The permeability of N2 are almost the same for 
the studied membranes. Furthermore, CH4 is less permeable in the SILM and the biphasic 
membranes compared to the dope membranes. The CH4 permeability for the SILM and biphasic 
membranes are approximately the same.  
For the RTIL-membranes gas transport is dominated by solubility and the performance of 
RTIL-membranes are highly affected by the RTIL content in the membrane. The RTIL content of 
the dope, cast, and SILM membranes are 89, 71, and 70 v.%, respectively. Since the dope 
membrane has the highest RTIL content among the tested membranes, it should be the most 
permeable membrane for all gases because the solubility dominates gas transport through RTIL-
membranes. However, only CH4 permeate faster through the dope membrane.  
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The mechanism of gas solubility in RTILs is studied computationally [76,77]. The results 
showed that gas molecules occupy the fractional free volume of the RTILs to dissolve in RTILs. 
The fractional free volume in the RTIL depends inversely on the viscosity of the RTIL. Therefore, 
the capacity of RTIL to dissolve gas molecules deteriorates when viscosity of RTIL increases. This 
is in agreement with the work published by Scovazzo [6] in which an increase in the viscosity 
leads to a decrease in the gas permeability.  
Gas transport mechanism through the dope membrane is different because of CA presence 
in the RTIL. The reason that gas permeabilities are lower than the expected values (higher than 
corresponding gas permeabilities for the biphasic and SILM membranes) can be due to the 
presence of CA molecules in the free volumes between the RTIL molecules. CA molecules may 
take the available space between RTIL molecules during the dissolving of CA in the RTIL. 
Therefore, the fractional free volume of the RTIL will decrease. Since the fractional free volume 
is the main and available path for gas transport [76–78] and this space is partially filled by the CA 
molecules in the dope membrane, the gas permeabilities are lower than expected values (higher 
than corresponding gas permeabilities for the biphasic and SILM membranes).  
 
Table 2. 1. Experimental gas permeances in Barrers (1 Barrer = 10-10 cm3STP.cm/(cm2.s.cmHg)) at 30oC. 
Membrane 
Permeability (Barrers)  
N2 CH4 C3H8 
CA/[emim][SCN] 7.6 ±0.8 19±1 40±1 
Biphasic membrane 6±1 13.8±3 29±3 
SILM([emim][SCN]) 6±1 12±1 80±10 
SILM ([emim][Tf2N]) 73.6 a 139.2 a - 
SILM ([emim][DCA]) 21.8 a 53.8 a - 
Polyimide membranes 0.474 b 0.19 c 0.013 c 
a All data are determined from [6]. 
b All data are determined from [79]. 
c All data are determined from [80]. 
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To the best of our knowledge, the gas permeabilities for N2, CH4, and C3H8 through the 
RTIL-membranes for the [emim][SCN] have not been published yet except the work published by 
this group [3]. Therefore, the reported gas permeabilities in Table 2.1 from the literature are for 
the benchmark RTILs that define the upper-bound for RTIL-membranes. The permeabilities for 
the studied gases are lower when compared to those in the literature for the RTIL-membranes. One 
reason is the difference in the viscosity of the RTILs. The lower the viscosity of the RTIL, the 
higher the gas permeability. However, the permeabilities of N2, and CH4 are higher than the 
permeabilities of these gases through the polyimide membranes. 
 
2.6.3. Selectivity Results 
The ideal selectivity, αij, was determined by dividing the permeance of the faster permeating gas i 
with the permeance of the slower permeating gas j. Table 2.2 shows the selectivities for CO2/N2, 
CO2/CH4, C3H8/N2, and C3H8/CH4 separations at 30oC.  
 
Table 2. 2. Experimental gas selectivities at 30oC. 
Membrane C3H8/N2 C3H8/CH4 
CA/[emim][SCN] 5±2 2.1±0.6 
Biphasic membrane 5±3 2.1±0.8 
SILM 14±4 7±2 
SILM ([emim][Tf2N]) - - 
SILM ([emim][DCA]) - - 
Polyimide membranes - 0.1 a 
a All data are determined from [80]. 
 
The highest selectivity is observed for the SILM for all gas separation, because the SILM 
membrane showed lower permeances for the slow permeable gases which are N2 and CH4. The 
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separation performance of the biphasic membrane is close to the dope gas separations. The lower 
selectivity of the dope and biphasic membranes are because of their low permeability for the fast 
permeable gas (C3H8) and higher permeabilities for the low permeable gases (N2 and CH4).  
SILMs showed the reverse-selectivity for the C3H8/N2 and C3H8/CH4 separations. In 
contrast, the dope and biphasic membranes selectivities for the C3H8/N2 and C3H8/CH4 separations 
are still larger than 1 however, they are smaller than those reported in the literature for the 
polymeric membranes. The lower selectivity of the dope and biphasic membranes than those of 
the SILM indicates that the casting procedure should be improved in order to make more efficient 
membranes. More details regarding improving casting procedure are given in Chapter 5. 
Even a very small leak in the permeate chamber leads to the overestimation of the 
permeability of slower permeating gases such as N2 and CH4 especially in the RTILs. Therefore, 
the experimentally reported selectivity could be lower than those obtained from ideal test 
equipment with no leaks. For example, the lowest determined permeance is 6 Barrers for N2 
permeance in SILM which is 4 times the leakage rate. To avoid the leakage rate and to determine 
accurate separation factors, the gas transport properties should be determined at high pressures (> 
1 bar). Therefore, the permeabilities of CO2 and CH4 are determined using a continuous flow 
instrument. Furthermore, the stability of tested membranes as a function of pressure are determined 
and results are presented in the next section.  
 
2.6.4. Stability of Membranes 
Due to equipment limitations of the batch system, we used the continuous flow instrument to 
examine the stability of the membranes at high pressures. The permeability and selectivity of CO2 
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and CH4 mixture are determined at different feed pressures. The feed ratio for the CO2 and CH4 
mixture was 4:1 which is close to the raw natural gas concentration. The permeabilities of CO2 
and CH4 are shown in Figures 2.10 and 2.11.  
 
 
Figure 2. 10. The permeability of CO2 as a function of retentate pressure. Initially the permeability decreases when 
retentate pressure increases. Then there is a drastic increase in the permeability which arises from the membrane 
breakthrough point. 
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Figure 2. 11.  The permeability of CH4 as a function of retentate pressure. The permeability decreases when 
retentate pressure increases. Also, there is a drastic increase in the permeability which arises from the membrane 
breakthrough point. 
 
The permeability of CO2 and CH4 decreases when retentate pressure increases. This is 
interesting since the higher pressure leads to the higher gas solubility in the RTIL which results in 
the higher permeability. This behavior can be explained by the deformation of the shape of 
supporting polymer. The supporting polymer deforms at high pressure in which the size of 
membrane pores decreases. The compression of the membrane pores leads to a decrease in the 
active separation area of the membrane and to an increase the tortuosity. This explanation has not 
been proven yet and more studies are needed to prove this. Similar results for the H2 permeation 
through the SILMs are reported by Belafi-Bako et al. [81]. 
The permeability of CO2 and CH4 increases significantly after the breakthrough point. In 
the breakthrough point, the gas permeabilities increase considerably which is an indication of 
RTIL displacement in the polymeric support. The breakthrough point for the gas permeabilities 
through the dope membrane occurred at around 200 kPa, while the breakthrough point for the cast 
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biphasic and SILM membranes are around 300 and 440 kPa, respectively (Figures 2.9 and 2.10). 
The lower breakthrough pressure for the dope membrane can be due to the displacement of the 
dope solution between the PTFE layers and creation of dry regions in the membrane since it is 
stabilized between two layers of PTFE. For the cast biphasic and SILM membranes, the 
breakthrough point happens when RTILs is pushed out of the polymeric support. The capillary 
forces of the pores are responsible for the pores holding the RTIL. The RTIL molecules remain in 
the pores as long as gas pressure is low (< 2 bars). For the dope membrane is stable until the gas 
exerts enough force to move the dope molecules. If the capillary forces are larger than the forces 
required for moving the dope molecules, it would explain why the breakthrough point for the cast 
biphasic and SILM membranes occurred at higher pressures.  
The escalation of the gas permeability as it does not affect the separation performance is 
preferred. Therefore, the membrane selectivity is a better tool to examine the membrane stability. 
The breakthrough point for a membrane can be defined as a pressure in which the separation 
performance drops considerably.  
The selectivity of CO2 and CH4 separation is presented in Figure 2.12. Similar to the 
permeability results, there are breakthrough points for the studied membranes. The breakthrough 
points correspond to the similar pressure for the permeabilities. As shown in Figure 2.11, the cast 
biphasic membrane showed higher selectivity for the CO2 and CH4 separation, while the dope 
membrane presents the lowest selectivity. At first look, these results are in contrast with the results 
in the Appendix A. However, the results are in agreement when comparing the results statistically. 
The standard deviation for the selectivities determined using batch system are 8 and 10 for the cast 
and SILM, respectively indicating that the selectivity of the cast membrane can be higher than 
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SILM. In addition, the determined selectivities using continuous flow instrument are more reliable 
than diffusion cell since there is no method error resulting from a leak rate. 
The higher selectivity of the cast biphasic membrane can be due to the higher RTIL content 
of the cast biphasic membrane when compared to the SILM membranes. Since the breakthrough 
point for the cast biphasic and SILM membranes is at the same pressure, the cast biphasic 
membrane improves only the membrane separation factor. However, future modification of the 
casting procedure and agent could improve both membrane separation performance and stability 
(see Chapter 5).   
 
 
Figure 2. 12. The effect of retentate pressure on the selectivity of CO2/CH4 separation. The selectivity increases with 
an increase in the retentate pressure. However, there is a breakthrough point in which the membrane performance 
considerably declines. 
 
2.7. Conclusions 
In this experimental work, the potential ability of the biphasic membranes for gas separation 
applications are examined. Furthermore, the reverse-selective behavior of the biphasic membrane 
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is investigated. The biphasic membrane is fabricated using CA and [emim[SCN]. The FTIR tests 
and AFM imaging are done to characterize the membranes. The gas transport properties of the 
dope (CA/[emim][SCN]) and SILM are also obtained to assess the cast biphasic membrane 
performance.  
The FTIR tests shows strong interactions of [emim][SCN] with CA molecules with the 
hydrogen bonding, Coulombic forces, and van der Waals interactions. The CA dissolving in 
[emim][SCN] is strongly affected by these interactions. The permeabilities of CO2, N2, CH4, and 
C3H8 are determined using a diffusion cell and a continuous flow instrument. The results showed 
that the SILM is the most permeable membrane for CO2 and C3H8, while the dope membrane was 
less permeable for these gases. In contrast, the dope membrane showed the highest permeability 
for N2 and CH4. The permeability of N2 and CH4 through the biphasic and SILM membranes were 
almost the same. The dope membrane showed the lowest selectivities for all of the membranes. 
The separation performance of the biphasic and SILM membranes were similar for the CO2/N2 
and CO2/CH4 separations. The stability of the dope, biphasic, and SILM membranes as a function 
of retentate pressure are examined and the results showed that the biphasic and SILM membranes 
have the similar breakthrough point. The dope membrane was less stable when compared to the 
biphasic and SILM membranes. In addition, the biphasic membrane is the best for the CO2/CH4 
separation, while SILM is a better membrane for the reverse-selective separations. The biphasic 
membrane show promise to resolve drawbacks of SILMs. The prepared biphasic membrane in this 
study showed better separation performance while it was 20% thinner. 
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CHAPTER III 
MOLECULAR INSIGHTS ON THE CH4/CO2 SEPARATION IN NANOPOROUS 
GRAPHANE AND GRAPHENE OXIDE SEPARATION PLATFORMS: ADSORBENTS 
VERSUS MEMBRANES 
This chapter investigates the CO2 separation from CH4 using nanoporous graphene (NPG) and 
graphene oxide (NPGO) membranes. NPG and NPGO membranes were studied as adsorbents and 
membranes. Molecular dynamics simulations were performed to gain fundamental molecular 
insights on the concentration-dependent adsorption and gas transport properties of the components 
in a CH4/CO2 gaseous mixture in single- and double-layered NPG and NPGO separation platforms. 
The simulation time selected to be 120 ns. This time is determined based on the steady sate point 
of the NPG and NPGO sheets. The simulation time to reach steady state differs the time in the real 
life system to reach steady state. Therefore, a time scale or factor should be defined to relate the 
simulation results to the experimental results. The results of this chapter are published in the 
Journal of Physical Chemistry C [28]. 
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3.1. Abstract 
Molecular dynamics simulations were performed to gain fundamental molecular insights on the 
concentration-dependent adsorption and gas transport properties of the components in a CH4/CO2 
gaseous mixture in single- and double-layered nanoporous graphene (NPG) and graphene oxide 
(NPGO) separation platforms. While these platforms are promising for a variety of separation 
applications, much about the relevant gas separation mechanisms in these systems is still 
unexplored. Based on the gas adsorption results in this work, at least two layers of CO2 are formed 
on the gas side of both NPG and NPGO, while no adsorption is observed for pure CH4 on the 
single-layered NPG. In contrast, increasing the CH4 concentration in the CH4/CO2 mixture leads 
to an enhancement of the CH4 adsorption on both separation platforms. The through-the-pore 
diffusion coefficients of both CO2 and CH4 increase with an increase in the CH4 concentration for 
all NPG and NPGO systems. The permeance of CO2 is smaller than that of CH4, suggesting the 
NPG and NPGO platforms are more suitable as CO2 adsorbents or membranes for the CH4/CO2 
(rather than the CO2/CH4) separation. The highest observed selectivities for the CH4/CO2 
separation in the NPG and NPGO platforms are about 5 and 6, respectively. 
 
3.2. Introduction 
Separation of CO2 from CH4 is important for processes such as natural gas sweetening, biogas 
upgrading, and landfill gas purification [82,83]. Furthermore, CO2 is a corrosive impurity (acid 
gas) in raw natural gas streams that needs to be removed [84]. Membranes, which allow for a 
simple and energy-efficient separation of gases, have emerged as alternatives for the traditional 
gas separation processes, such as solvent absorption, solid adsorption, and cryogenic distillation 
[85,86]. Separation in membranes is based on mechanisms such as selective component 
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adsorption, component diffusion rate differences, solution-diffusion, or molecular-sieving [56,87]. 
Organic (polymeric), inorganic, and mixed-matrix membranes are currently available for the CO2 
and CH4 separation [88–91]. Among these, inorganic membranes are more efficient under severe 
operating conditions, such as high temperatures and pressures [92]; however, a major drawback 
for these membranes is their high production cost. 
Nanoporous pristine graphene (NPG) and graphene oxide (NPGO) and their composites 
have shown promising performance in certain membrane [87] and gas adsorbent applications 
[93,94]. A graphene sheet, which is a two-dimensional (2D) sheet of sp2-hybridized carbon, is 
considered a unique separation platform with desirable flux properties so long as it has a porous 
structure. From both theoretical and experimental perspectives, pristine graphene has been shown 
to be impermeable, even for small gases like helium, because of its substantial electron density of 
aromatic rings [95–99]. Therefore,  highly selective membranes can only be obtained  in porous 
graphene-based material systems [95,96,100–103]. The thickness of the selective membrane layer 
in these systems ranges from tens of nanometers to several micrometers [99,104,105]. 
Despite the simple structure of graphene, it is difficult to drill holes in it [95]. Nevertheless, 
NPGO separation platforms as membranes are getting increased attention because of their 
robustness, structural integrity, and ease of fabrication and scale-up [106–109]. NPGO is the 
chemically modified NPG with oxygenated functional groups, such as hydroxyl, carbonyl, epoxy, 
and carboxyl on its surface, edges, and pore rims [110]. The surface functionalization of NPG may 
have a positive or negative effect on the membrane separation performance [95,108]. NPGO has 
large surface area for storing and separating polar gas molecules [95,111]. Its porosity and 
available surface area can be adjusted for different applications by varying the interlayer spacing 
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in the layered NPG and NPGO structures or by using different surface, edge, and pore rim 
functional groups [95]. 
The gas separation performance of NPG and NPGO as membrane platforms mainly 
depends on their average pore size, which is typically very small. For example, Tao et al. [96] 
report an average pore size of 9 Å for the NPG membrane used in their work. On the basis of small 
pore sizes in NPG and NPGO membranes, use can be made of molecular dynamics (MD) 
simulation to study the pore-size-dependent separation phenomena in these systems [104], thus 
rendering the use of traditional continuum approaches unfeasible. Despite the technical importance 
of NPGs, previous MD simulation studies have only elucidated the effect of a single pore on the 
gas separation. There are still many aspects of gas transport through these membranes that are 
hitherto unexplored. In what follows a summary of previously published computational work for 
gas separations in graphene- or other porous carbonaceous membranes is given.  
Schrier [112] carried out an MD simulation to examine the graphene surface adsorption 
potential for CO2, CH4, N2, O2, H2S, SO2, and H2O. Graphene was found to be useful for CO2 
capture and separation. The adsorption capacity of CO2, CH4, and N2 on an ordered mesoporous 
carbon structure at different temperatures was determined by Yuan et al. [113] Based on their 
simulation results, the versatile mesoporous carbon structure has a large adsorption capacity and 
high selectivity for the separation of CO2, CH4, and N2 gases. Lu et al. [114] determined the 
adsorption and separation properties of CO2 and CH4 on pristine mesoporous carbonaceous 
structures, carbon foams, carbon nanotubes, and nanoporous carbon structures modified with 
carboxylic acid groups using MD simulation. Their results indicate that gas separation in carbon 
nanopores is mainly affected by the nature of the matrix and heterogeneity of the materials. Trinh 
et al. [115] obtained the separation properties of the CO2/CH4 mixture in mesoporous 
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carbonaceous structures by MD simulation. Based on their findings, a perfect charged graphite 
model gives lower values for the selectivity of the CO2/CH4 mixture. Moreover, a high adsorption-
selectivity of 25 can be achieved with a charged defect of 0.45 electrons/atom. The adsorption 
capacity of CO2 and CH4 on mesoporous carbon and graphene has been reported in several studies 
[116–119], indicating that these nanoporous materials have potential to adsorb and separate CO2 
and CH4 mixtures. 
Sun et al. [120] and Jiao et al. [121] determined the diffusivity of CO2 and CH4 in graphene-
based membranes using MD simulation. Their results indicate that the diffusion coefficient of CH4 
is higher than that of CO2 for all membranes used in their study. Zhang et al. [122] report the CH4 
diffusivity through dry and moist coal to be 1.290×10-9 and 0.083×10-9 m2/s, respectively. To the 
best of our knowledge, the work of Zhang et al. is the only published one to date in which the CH4 
diffusivity in a carbonaceous material with a structure similar to that of graphene is reported. The 
gas permeance through an NPG membrane was studied by Liu et al. [123] They considered several 
gases, including CO2, in their study. They further modified the membrane pore rims with nitrogen 
molecules. The CO2 permeance through the modified NPG membrane was found to be 2.8 ×105 
GPUs (1 GPU or gas permeation unit   3.35×10-10 mol m-2 Pa-1 s-1). The CH4 permeance through 
an NPG membrane for different pore sizes was determined by Sun et al. [101] They utilized MD 
simulation to determine the gas transport properties in this membrane. Based on their results, gas 
permeance depends on the membrane pore size. 
One objective in this work is to elucidate the mechanisms associated with the CH4/CO2 
separation in NPG and NPGO separation platforms using MD simulation, thereby suggesting their 
applicability for membrane or gas adsorbent applications. Since the effects of gas molar 
concentration, number of membrane/adsorbent layers, and surface chemistry (pristine versus 
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oxidized) on the CH4/CO2 separation performance of the nanoporous graphene-based material 
systems have not fully been investigated before, another objective in this work is to determine 
these effects. Moreover, the CH4 and CO2 adsorption and transport data, such as adsorption 
capacity and isotherms, diffusion coefficients, permeance, and membrane selectivity, as a function 
of gas molar concentration and number of membrane layers were generated and compared. This 
comprehensive study provides molecular insights on the performance of nanoporous graphene-
based separation platforms for the CH4/CO2 separation, and the methodology used herein can be 
adopted for the fundamental investigation of other gas separations in these systems. 
 
3.3. Computational Method 
Models of porous finite hydrogen-terminated single- and double-layered NPG and NPGO sheets were 
created in BIOVIA Materials Studio (v8.0). Three elliptic pores (a = 10.0 Å, b = 12.3 Å) were introduced 
in each layer of both systems, as shown in Figures 3.1a and 3.1b. In the NPGO sheets, the graphene layer 
was functionalized with hydroxyl (-OH) and/or epoxide (-O-) groups on the surface and pore rims and with 
carboxylic acid (-COOH) groups on the edges (Figure 3.1b) [124,125]. Next, a single NPG or NPGO sheet 
was placed in the middle of a 2D-periodic simulation cell (periodicity in the x- and y-directions) with the 
average size of 47×43×100 Å3. Similar systems were created for two stacked NPG (designated as 2NPG) 
or two stacked NPGO (2NPGO) sheets, which were placed 12.4 Å apart, with the second layer rotated 180º 
in plane, in a 2D-periodic simulation cell with the average size of 47×43×112 Å3. The interlayer distance 
between the graphene sheets in this work is consistent with the experimental data for hydrated graphene 
systems (~12 Å) [126]. The same distance was used for both 2NPG and 2NPGO systems for a valid 
comparison between them. A mixture of CO2 and CH4 (a total of 1,000 molecules) with different CH4 
concentrations (0, 25, 50, 75, and 100 mol% corresponding to 0, 250, 750, and 1000 CH4 molecules) were 
then packed above the NPG or NPGO sheets using the Amorphous Cell module of Materials Studio. 
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Representative initial structures of single- and double-layered NPG membranes with 50 mol% CH4 in the 
CH4/CO2 mixture are shown in Figures 3.1c and 3.1d, respectively. Since the pore sizes and interlayer 
spacing between the NPG or NPGO sheets in our models are larger than the kinetic diameters of CO2 and 
CH4 (3.30 and 3.80 Å, respectively) [127], gas molecules of both species are able to permeate through the 
membranes. Moreover, it is known that gas diffusion through the membrane separation is important when 
the pore diameter is in the range of 10-20 Å [128]; hence, the pore size was fixed in this work at a value 
that would be within this range (a = 10.0 Å, b = 12.3 Å). All in all, 20 different systems were created. 
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Figure 3. 1. Representative schematics of (a) a porous NPG and (b) a porous NPGO sheet, as well as the initial 
configurations of (c) a single-layered NPG and (d) a double-layered NPG membrane system with 50 mol% CH4 in the 
CH4/CO2 mixture. The elliptic pores are all the same size (a = 6.2 Å, b = 4.9 Å). The interlayer spacing in the double-
layered NPG and NPGO membrane systems is 12.4 Å. 
(a) (b) 
(c) (d) 
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The above structures were then exported to the LAMMPS [129] software package (version: 
March 2016). Subsequently, they were energy-minimized using the Conjugate Gradient method 
[130]. Next, an NVE (constant number of atoms, N; constant volume, V; constant energy, E) 
simulation was run for the different systems using the COMPASS force field[131] with a time step 
of 1 fs and a cut-off distance of 12 Å for a total simulation time of 120 ns. The temperature for all 
systems were controlled by a Langevin thermostat [132]. COMPASS force field has been 
parameterized for alkanes [131] and CO2 [133], and has been used in the past for the dynamics 
simulations of systems composed of graphene and graphene oxide [124,125]. It is, therefore, 
deemed suitable for the simulation of CH4/CO2 gas separation in NPG and NPGO membranes. 
As a measure of CO2 and CH4 affinity with the membranes, a potential of mean force (PMF) 
analysis [134] was performed for a single CO2 (or CH4) molecule approaching and penetrating the 
center of a single pore on a single NPG (or NPGO) layer. A spring with a constant of 100 kcal/mol-
Å2 was tethered to the center of mass of the pore on the graphene sheet, which was fixed in the xz 
plane, and the molecule was made to move in the y-direction from an initial separation distance of 
6 Å to -6 Å (through the pore and to the other side of the graphene sheet) with a distance increment 
of 0.3 Å. At each distance increment, the pore’s center of mass and the CO2 (or CH4) molecule 
were fixed in the y-direction and an NPT (constant number of atoms, N; constant pressure, P; 
constant temperature, T) simulation was run for 500 ps to equilibrate the system. Since the pore’s 
center of mass and the CO2 (or CH4) molecule are at force equilibrium at each increment, the PMF 
can be calculated using the following formula: 
   2
1
d
d
PMF d F r dr    (3.1) 
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where d is the distance between the pore’s center of mass and the CO2 (or CH4) molecule, r is the 
reaction coordinate, and  F r  is the average spring force applied to the pore’s center of mass 
and the CO2 (or CH4) molecule. 
 
3.4. Results and Discussion 
In this section, the adsorption and transport properties of CH4 and CO2 in single- and double-
layered NPG and NPGO membranes are presented. 
 
3.4.1. Gas Adsorption Capacity.  
In Figure 3.2, the CO2 and CH4 mass densities as a function of distance from the membrane 
surface (gas adsorption capacities) are given for the single-layered NPG and NPGO membranes 
and different CH4 concentrations in the CH4/CO2 mixture. For the gas side of the membranes, the 
near-surface CO2 concentration is found to be much larger than that of CH4 for all CH4 
concentrations, indicating that a higher adsorption capacity of CO2 on the membrane is realized 
versus that of CH4. For both membranes and all CH4 concentrations, except 75 mol%, there are at 
least two layers of CO2 (two or more peaks in Figure 3.2) on the gas side of the membrane up to a 
distance of about 3 nm from the membrane surface. This distance is referred to as the Gibbs 
dividing surface [135–139], on which the gas species’ concentration differs in the layers by at least 
5%. These CO2 layers are formed because of the frequent adsorption and desorption of the CO2 
molecules on the membrane surface. For the higher CH4 concentration of 75 mol% (Figure 3.2d), 
only one layer of CO2 is formed, since a smaller number of CO2 molecules is available for 
adsorption on the membrane surface. Moreover, on the vacuum side of both membranes, only one 
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layer of CO2 is formed (Figure 3.2). For all concentrations of CH4, no CH4 layers are observed on 
either side of the membranes, since all gas molecules are uniformly distributed on the membrane 
surface. For the pure CH4 system (Figure 3.2e), one thin CH4 layer (one peak) is observed to form 
on both the gas and vacuum sides of the NPG membrane only. Similar adsorption capacity trends 
are reported by Trinh et al. [138] for the adsorption of CO2 and CH4 on a mesoporous carbon 
surface. 
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(a) (b) 
(c) (d) 
(e) 
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Figure 3. 2. Mass densities of CO2 and CH4 on the gas side (positive distance values) and vacuum side (negative 
distance values) of the single-layered NPG and NPGO membranes at the CH4 concentrations of (a) 0 mol%, (b) 25 
mol%, (c) 50 mol%, (d) 75 mol%, and (e) 100 mol% in the CH4/CO2 mixture. 
 
The above observations are better explained by comparing the affinities of CO2 and CH4 
to the NPG and NPGO surface pores, determined by a PMF analysis (see the Computational 
Methods section). The PMF results are given in Figure 3.3. By investigating this figure, the CH4 
molecule is found to have a negligible affinity to both the NPG and NPGO sheets, as evident from 
its average PMF values being close to zero at all CH4-pore distances, contrary to the CO2 molecule. 
The high affinity of the latter molecule to the membrane pore is due to the presence of large 
interactions between the polar CO2 molecule and the highly charged pore cavity, where 
hydrogenated and/or oxygenated functional groups exist on the pore rim. The low affinity of the 
CH4 molecule to the NPG and NPGO layers makes it easier for this molecule to permeate through 
the membrane, resulting in a poor selectivity for the CO2/CH4 separation, but a good selectivity 
for the CH4/CO2 separation. This point will be revisited later. 
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Figure 3. 3. Potential of mean force (PMF) between a single CO2 (and CH4) molecule and a pore on (a) a single 
NPG and (b) a single NPGO sheet. 
 
In Figure 3.3, the adsorption capacity of CO2 and CH4 on the double-layered NPG and 
NPGO membranes are compared at different CH4 concentrations. At low CH4 concentrations (< 
50 mol%), at least three layers of CO2 are formed on the gas side of the membranes (three or more 
peaks in Figures 3.4a and 3.4b). This observation is attributed to the high affinity of the CO2 
molecules to the membranes, as a consequence of which these molecules are trapped in the 
membrane cavities and, hence, are prevented from passing through. In addition, one layer of CO2 
is formed on the vacuum side of the double-layered NPG and NPGO membranes, except for the 
pure CO2. Contrary to the single-layered membranes, the CH4 molecules form surface-adsorbed 
layers for the mixtures with 25 and 75 CH4 mol% on the gas side of the double-layered membranes 
(Figures 3.4b-3.4d). This observation is attributed to the difficulty of the CH4 diffusion through 
the double-layered NPG and NPGO membranes. Furthermore, for similar concentrations of CH4 
(a) (b) 
51 
 
(25 and 75 mol%), there is one adsorbed layer of CH4 on the vacuum side of all membranes (Figure 
3.4). 
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(a) (b) 
(c) (d) 
(e) 
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Figure 3. 4. Mass densities of CO2 and CH4 on the gas side (positive distance values) and vacuum side (negative 
distance values) of the double-layered NPG and NPGO membranes at the CH4 concentrations of (a) 0 mol%, (b) 25 
mol%, (c) 50 mol%, (d) 75 mol%, and (e) 100 mol% in the CH4/CO2 mixture. 
 
The adsorption isotherms for CO2 and CH4 on the single- and double-layered NPG and 
NPGO membrane surfaces at different CH4 concentrations are shown in Figures 3.5 and 3.6, 
respectively. These isotherms are determined by calculating the number of adsorbed molecules on 
either side of the membrane divided by the membrane surface area as a function of gas side CO2 
or CH4 partial pressure. The CO2 adsorption reaches a limiting value at high CO2 partial pressures 
(Figures 3.5a, 3.5b, 3.6a, and 3.6b); however, it generally drops with pressure for CH4 (Figures 
3.5c, 3.5d, 3.6c, and 3.6d). Consistent with the previous discussion on the adsorption capacity of 
the molecular species, CO2 exhibits a higher adsorption on both single- and double-layered 
membrane surfaces than that of CH4. For single-layered membranes (Figures 3.5a and 3.5b), the 
CO2 adsorption is higher for the NPGO (Figure 3.5b) than that of NPG (Figure 3.5a) due to the 
presence of oxygenated functional groups on the membrane surface and pore rims of the former 
membrane. As previously discussed, the adsorption of CO2 on both NPG and NPGO membranes 
decreases with an increase in the CH4 concentration because of the presence of a smaller number 
of available CO2 molecules for adsorption on the membrane surface. Moreover, the CO2 adsorption 
sites on the membranes are occupied by an increasing number of CH4 molecules. Trinh et al. [138] 
and You et al. [140] have reported similar observations for the CO2 adsorption on the coal. The 
addition of another layer in the NPG and NPGO membranes has a large influence on the adsorption 
isotherms (Figures 3.5c, 3.5d, 3.6c, and 3.6d). For both single- and double-layered NPG and 
NPGO membranes (Figure 3.5), the CO2 adsorption is nearly doubled for all CH4 concentrations. 
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As for the CH4 adsorption, none is observed on the NPG membrane (Figure 3.6a), while some 
adsorption occurs on the NPGO surface (Figure 3.6b). Contrary to the CO2 adsorption (Figure 3.5), 
an increase in the CH4 partial pressure causes the CH4 adsorption to decrease (Figure 3.6). This 
behavior is attributed to the fact that CH4 has, in general, less affinity to both NPG and NPGO 
membranes than that of CO2 (Figures 3.2, 3.3, and 3.4). The addition of the second membrane 
layer nearly doubles the adsorption of CH4 (Figure 3.6). You et al. [140] and Zhang et al. [122,141] 
have similarly obtained the adsorption isotherms for CH4 on coal, which has graphite-like surface 
structures. They also report a drop in the CH4 adsorption with an increase in the CH4 partial 
pressure. 
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Figure 3. 5. Adsorption isotherms of CO2 on (a) a single-layered NPG, (b) a single-layered NPGO, (c) a double-
layered NPG (2NPG), and (d) a double-layered NPGO (2NPGO) membrane as a function of CO2 partial pressure 
at different CH4 concentrations. 
 
(a) (b) 
(c) (d) 
56 
 
 
Figure 3. 6. Adsorption isotherms of CH4 on (a) a single-layered NPG, (b) a single-layered NPGO, (c) a double-
layered NPG (2NPG), and (d) a double-layered NPGO (2NPGO) membrane as a function of CH4 partial pressure 
at different CH4 concentrations. 
 
3.4.2. Gas Transport Properties of the Membranes.  
To examine the CH4/CO2 separation efficiency in the NPG and NPGO membranes, the diffusion 
coefficient, permeance, flow, and selectivity of the gaseous species were calculated. 
(a) (b) 
(c) (d) 
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3.4.2.1. Component Diffusion Coefficients. 
In Figure 3.7, the mean-square displacement (MSD) data for the gas components in single- and 
double-layered NPG and NPGO membranes are given for 50 CH4 mol%. In this figure, large 
limiting values of MSD indicate that the pore sizes are adequate to allow the molecular species to 
cross the membrane. A similar behavior is observed for all other systems (Figure 3.7). 
A plot of MSD as a function of time should be linear if the diffusion coefficient of a 
penetrant molecule is constant [95,142–145] indicating an Einsteinian behavior. The diffusion 
coefficient (D) is calculated using a linear regression fit to the MSD data for the linear portion of 
the curve and applying the Einstein equation [146]: 
1 lim
6 t
MSDD
t
 , (3.2) 
where MSD is calculated based on the time-series of all atomic positions r: 
       2 2
0
10 0
t
t t
MSD t t
t 
         r r r r . (3.3) 
The CO2 and CH4 diffusion coefficients in single- and double-layered NPG and NPGO membranes 
are shown in Table 3.1. In general, CH4 has a larger diffusion coefficient than that of CO2 for all 
the different membrane configurations at low to intermediate CH4 concentrations (< 50 mol%) 
(Table 3.1). This observation is attributed to the negligible affinity of the CH4 molecule to the NPG 
and NPGO membranes versus that of the CO2 molecule (Figures 3.2 and 3.3). Moreover, CH4 has 
a smaller molecular weight than that of CO2, resulting in a higher CH4 molecular velocity.  
However, the CO2 diffusion coefficients for the CH4/CO2 mixtures with 50 and 75 CH4 mol% in 
the double-layered NPGO membrane are larger than those of CH4 (Table 3.1). This may be 
attributed to the high CH4 flux, favoring a convective transport of CO2 thorough the double-layered 
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NPGO membrane. Our calculated CH4 diffusion coefficients in graphene surfaces (Table 3.1) are 
in a good agreement with those published by Zhang et al. [122] Also, while the agreement between 
the CO2 diffusion coefficients calculated in this work and those published by Sun and Bai [120] 
are good, our calculated CH4 diffusion coefficients are smaller than those reported by them (4×10-
7 m2/s). 
 
 
Figure 3. 7. Mean-square displacement (MSD) as a function of simulation time for CO2 and CH4 in (a) single-
layered NPG and NPGO membranes and (b) double-layered NPG and NPGO membranes. The CH4 concentration 
in the CH4/CO2 mixture is 50 mol%. 
 
 
 
 
 
 
 
(a) (b) 
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Table 3. 1. Calculated diffusion coefficients (×10-9 m2 s-1) for CO2 and CH4 in NPG and NPGO membranes 
Membrane NPG 2NPG NPGO 2NPGO 
      Gas 
CH4 
(mol%) 
CO2 CH4 CO2 CH4 CO2 CH4 CO2 CH4 
0 1.02 ± 0.04 0.00 
1.04 ± 
0.02 0.00 
1.19 ± 
0.04 0.00 
0.75 ± 
0.02 0.00 
25 0.87 ± 0.03 
1.6 ± 
0.1 
0.71 ± 
0.02 
1.28 ± 
0.06 
0.88 ± 
0.03 2.3 ± 0.1 
0.73 ± 
0.01 1.8 ± 0.1 
50 1.05 ± 0.04 
1.6 ± 
0.1 
1.01 ± 
0.02 
1.55 ± 
0.08 
1.28 ± 
0.04 
1.03 ± 
0.06 
1.12 ± 
0.02 
1.07 ± 
0.06 
75 
2.25 ± 
0.08 
2.6 ± 
0.1 
1.73 ± 
0.06 
1.82 ± 
0.09 
1.58 ± 
0.05 
1.88 ± 
0.08 
1.74 ± 
0.07 1.7 ± 0.1 
100 0.00 3.3 ± 0.1 0.00 
1.73 ± 
0.08 0.00 2.1 ± 0.1 0.00 1.9 ± 0.01 
 
3.4.2.2. Permeance and Gas Flow.  
Gas flux through membranes for a given pore size depends on the kinetic diameter and molecular 
weight of the gaseous species, as well as the strength of their interactions with the membrane 
surface [101]. To visually inspect the permeation of CO2 and CH4 molecules through a single-
layered NPGO membrane, the instantaneous system snapshots are given in Figure 3.8 for the 
equimolar mixture of CO2 and CH4 at three different simulation times. As observed in Figure 3.8a, 
the CO2 molecules first adsorb on the membrane surface and pore rims and then, after saturating 
the surface and forming the adsorption layers (Figure 3.2c), penetrate the membrane from the gas 
side to the vacuum side. On the other hand, the permeation of CH4 molecules (Figure 3.8b) through 
the NPGO membrane is rather unhindered without any appreciable surface adsorption of the CH4 
molecules. 
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Figure 3. 8. Instantaneous system snapshots at initial (t = 0 ns), intermediate (t = 60 ns), and final (t = 120 ns) 
simulation times for (a) CO2 and (b) CH4 molecules permeating through a single-layered NPGO membrane. The 
CH4 concentration is 50 mol%. 
 
Ideally, both high permeance and high selectivity are required for the optimal separation 
performance of a membrane; however, in practice, there is a trade-off between these two 
properties.  Permeance is defined by the flux of a specific gas passing through a membrane. In this 
work, the permeances for the different membranes (Table 3.2) are determined using the method 
described by Sun et al. [101] In this method, the gas flux is determined from the following formula 
[101]: 
1
A
dNJ PA P
N dt
    , (3.4) 
where J   is the CO2 or CH4 flux, NA is Avogadro’s constant, N is the number of CO2 or CH4 
molecules passing through the membrane, t is time, P is permeance, A is the total membrane area, 
(a) (b) 
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and P  is the partial pressure drop across the membrane. P is determined by the pressure 
difference between the gas and vacuum sides of the membrane [101]: 
2i ad
i
i
N N NP p
N
   , (3.5) 
where Ni is the initial number of CO2 or CH4 molecules, Nad is the number of adsorbed CO2 or 
CH4 molecules on both sides of the membrane, and ip  is the initial CO2 or CH4 pressure. Nad is 
almost constant during the quasi-steady state period, because the total number of species molecules 
on both sides of the membrane remains constant. Also, the partial pressure drop in one side leads 
to an increase in the partial pressure on the other side [101]. After combining Equations 4 and 5 
and solving for the resulting differential equation, the following formula is obtained for the number 
of gas molecules passing through the membrane: 
1
2
A i
i
PAN p t
Ni adN NN e
        
. (3.6) 
The permeance can be determined using Equation 6 in combination with a nonlinear regression of 
the N versus t data. As observed in Table 3.2, the permeance of CO2 is smaller than that of CH4 
for all membranes. Among both single- and double-layered NPG and NPGO membranes, the 
former exhibits the highest permeance for CO2 at 75 CH4 mol% due to a lower CO2 adsorption 
capacity on this membrane (Figure 3.2d). Moreover, the double-layered NPGO membrane has the 
lowest permeance for CO2 at the same CH4 concentration. Since nearly all CO2 molecules are 
adsorbed on the gas and vacuum sides of the double-layered NPGO membrane (Figure 3.4d), there 
are no more CO2 molecules left to permeate the membrane. This leads to a lower permeance value 
(Table 3.2). When comparing the trend for CO2 permeance as a function of CH4 concentration 
among all membranes, an increase in the CH4 concentration leads to an increase in the CO2 
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permeance (Table 3.2). Similarly, an increase in the CH4 concentration causes an increase in the 
CH4 permeance for all membranes. The above observations are attributed to the fact that the 
probability for the CO2 molecules to be carried through the membrane at higher CH4 concentrations 
is higher. In other words, since the CH4-membrane interactions are much weaker than those of 
CO2-membrane (Figure 3.3), the higher number of CH4 molecules at high CH4 concentrations 
generally disrupts the favorable CO2-membrane interactions and, ultimately, the convective CO2 
mass transport dominates. The presence of a second NPG or NPGO layer in the double-layered 
membranes leads to a large decrease in both CO2 and CH4 permeances (Table 3.2). The CO2 
permeances through the NPG membrane calculated herein are smaller than those published by Liu 
et al. [123]. The discrepancy between these results may be due to the use of different pore sizes, 
pore rim functional groups, and permeance calculation method in this work than those used by Liu 
and his coworkers. However, the permeance data obtained in this work agree well with those 
published by Sun et al. [101]. 
 
Table 3. 2. Gas permeances (×103 GPUsa) in NPG and NPGO membranes 
Membrane NPG 2NPG NPGO 2NPGO 
        Gas 
CH4 
mole% 
CO2 CH4 CO2 CH4 CO2 CH4 CO2 CH4 
0 27 ± 6 0 45 ± 1 0 29 ± 1 0 0.56 ± 0.01 0 
25 29 ± 2 640 ± 20 33 ± 1 227 ± 4 54 ± 1 650 ± 10 38 ± 1 258 ± 3 
50 120 ± 2 764 ± 20 43 ± 3 470 ± 10 186± 2 142 ± 5 48 ± 3 179 ± 1 
75 527 ± 5 1120 ± 30 41 ± 3 713 ± 4 219 ± 5 429 ± 10 50 ± 1 171 ± 7 
100 0 7140 ± 50 0 522 ± 6 0 640 ± 30 0 510 ± 10 
a 1 GPU  3.35×10-10 mol m-2 Pa-1 s-1 
 
The molecular flow was also calculated in this work based on the following formula 
[95,96]: 
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NF
At
   (3.7) 
where F is the molecular flow (mol m-2 s-1), N is the number of moles of the permeating gas through 
the membrane, A is the total membrane area (m-2), and t is the simulation time (s). 
The flow of CO2 and CH4 through the membranes at different CH4 concentrations (after 
120 ns of simulation) are given in Figure 3.9. As expected, the flow of CO2 shows a downward 
trend with an increase in the CH4 concentration (Figure 3.9a). On the contrary, the flow of CH4 
increases with an increase in the CH4 concentration (Figure 3.9b), signifying a similar trend of 
increase in CH4 permeance with an increase in the CH4 concentration. 
 
Figure 3. 9. Flow of (a) CO2 and (b) CH4 gases through the single- and double-layered NPG and NPGO membranes 
as a function of the CH4 concentration 
. 
3.4.2.3. Membrane Selectivity 
Since the permeation of CH4 through the NPG and NPGO membranes is higher than that of CO2 
(Table 3.2), the CH4/CO2 separation selectivities are reported herein instead of those of the 
(a) (b) 
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CO2/CH4 separation. Traditionally membrane selecitivies are defined as the ratio of the individual 
permeances of the gases in the separations pair.  For systems were both the feed and permeate 
chambers are well mixed (figure  3.8) the traditional definition can be reduce to the ratio of 
molecular content [6,99]: 
4
2
4 2
4
2
CH
CO Vacuum
CH /CO
CH
CO Gas       
N
N
S
N
N
 
   
 
   
, 
(3.8) 
where S is the membrane selectivity. 
In Figure 3.10, the instantaneous membrane selectivity of the CH4/CO2 separation is given 
as a function of simulation time for the single- and double-layered NPG and NPGO membranes at 
50 CH4 mol%. As seen in this figure, the membrane selectivity reaches a quasi-steady-state value 
after about 30 ns and 50 ns for the single- (Figure 3.10a) and double-layered (Figure 3.10b) NPG 
and NPGO membranes, respectively. The total number of gas molecules passing through the NPG 
and NPGO membranes (after 120 ns of simulation) and the steady-state membrane selectivities are 
given in Tables 3.3 and 3.4, respectively. The first row in Table 3.4 is determined based on the 
permeance of pure CO2 and CH4. 
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Figure 3. 10. Instantaneous membrane selectivity of the CH4/CO2 separation as a function of simulation time for (a) 
single-layered NPG and NPGO membranes and (b) double-layered NPG and NPGO membranes. The CH4 
concentration is 50 mol%. 
 
Table 3. 3. Total number of gas molecules passing through the NPG and NPGO membranes after 120 ns of 
simulation 
Membrane NPG 2NPG NPGO 2NPGO 
       Gas 
CH4               
mole% 
CO2 CH4 CO2 CH4 CO2 CH4 CO2 CH4 
0 33 0 49 0 56 0 9 0 
25 74 118 87 103 62 72 136 112 
50 82 221 128 217 191 234 60 241 
75 72 349 31 325 50 357 16 281 
100 0 485 0 368 0 429 0 336 
 
 
(a) (b) 
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Table 3. 4. Quasi-steady-state membrane selectivity (S) of the NPG and NPGO membranes for the CH4/CO2 
separation. 
CH4               
mole% 
Membrane 
NPG 2NPG NPGO 2NPGO 
25 5.00 3.84 3.70 2.63 
50 2.70 1.69 1.22 4.00 
75 1.61 3.70 2.38 5.88 
 
All membrane selectivities are larger than one (Table 3.4), indicating that the separation 
efficiency of NPG and NPGO membranes are satisfactory for the CH4/CO2 separation. It should 
be noted here that, to the best of our knowledge, no data are available in the literature for the 
CH4/CO2 separation in NPG or NPGO membranes. However, Shan et al. [147] and Wu et al. [99] 
have determined the selectivities for the CO2/N2 separation in NPG membranes and their 
selectivities are less than one for all their membrane configurations, suggesting that, similar to the 
work presented here for the CH4/CO2 separation, the NPG membranes are suitable for the N2/CO2 
and not CO2/N2 separation. 
As shown in Table 3.4, the NPGO membranes, in both single- and double-layered 
configurations, exhibit a better separation efficiency for the CH4/CO2 mixture than those of the 
single- and double-layered NPG membranes. The better performance of the NPGO membrane is 
attributed to the polarity and high affinity of the CO2 molecules to the oxygen-containing 
functional groups on the membrane surface and pore rims (Figure 3.2). 
The highest membrane selectivity is observed for the double-layered NPGO membrane at the 75 
CH4 mol%, while the lowest is observed for the single-layered NPGO membrane at 50 CH4 mol% 
(Table 3.4). Again, similar to the permeance results in the previous section, the nearly complete 
adsorption of the CO2 molecules on the gas side of the double-layered NPGO membrane (Figure 
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3.4d) leads to a higher membrane selectivity. Addition of a second layer to the NPGO membrane 
generally improves the membrane selectivity for the CH4/CO2 separation (at least for CH4 
concentrations > 25 mol%) (Table 3.4). On the contrary, the separation performance is generally 
deteriorated for the NPG membranes, except at high CH4 concentrations (> 50 mol%). This 
observation is also related to the level of CO2 adsorption on the NPGO membrane surface and 
pores, which increases with an increase in the number of membrane layers (Figures 3.2 and 3.4). 
An increase in the CH4 concentration up to intermediate levels generally causes a decrease in the 
membrane selectivity (Table 3.4). 
 
3.5. Conclusions 
The performance of single- and double layered nanoporous pristine graphene (NPG) and graphene 
oxide (NPGO) as either adsorbents or membranes was explored for the CH4/CO2 separation using 
molecular dynamics simulation. Moreover, the adsorption capacity and adsorption isotherms of 
CO2 and CH4, as well as the CH4 and CO2 transport properties through the single- and double 
layered NPG and NPGO membranes were determined. These properties include the gas component 
diffusion coefficients, permeances, flows, and membrane selectivities, and adsorption isotherms 
for the CH4/CO2 separation. 
An investigation of the adsorption capacities of CO2 and CH4 on the single- and double-
layered NPG and NPGO membranes reveals that at least two layers of CO2 are formed on the gas 
side of these materials. For all the NPG materials, CO2 has the highest adsorption capacity, which 
further increases in NPGO materials because of the presence of oxygenated functional groups on 
the surface, edges, and pore rims. In addition, the adsorption of CO2 decreases when the CH4 
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concentration increases. While there is no adsorption for pure CH4 on the single-layered NPG 
membrane, increasing the CH4 concentration in the CH4/CO2 mixture enhances the CH4 
adsorption. The addition of a second layer to both NPG and NPGO materials increases the 
adsorption capacity of both CO2 and CH4.  
The diffusion coefficients of both CO2 and CH4 increase when the CH4 concentration 
increases for the single- and double-layered NPG and NPGO membranes. Furthermore, the 
addition of another NPG or NPGO layer causes a decrease in the diffusion coefficients for nearly 
all CH4 concentrations. The permeance of CO2 is smaller than that of CH4 for all membranes. This 
suggests that the NPG and NPGO membranes perform well for the CH4/CO2 separation, but not 
for the CO2/CH4 separation. For all membranes, the membrane selectivities are higher than one, 
indicating that the CH4/CO2 separation efficiency in NPG and NPGO membranes are satisfactory. 
Moreover, the single- and double-layered NPGO membranes exhibit better membrane selectivity 
for the CH4/CO2 separation than that of the single- and double-layered NPG membranes. For the 
separation of CO2 from CH4 (with the desire to maintain CH4 at high pressure), the simulated 
separation platforms in this work prove to be better CO2 adsorbents than CO2/CH4 separation 
membranes. The molecular insights obtained in this work on the CH4/CO2 gas separation in 
nanoporous graphene-based membranes can be extended to other gas separations in these 
membranes using the developed methodology.  
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CHAPTER IV 
CONCLUSIONS 
Membranes for gas separation are studied both experimentally and computationally in this 
dissertation. The main objective of this study was gas separation using membranes for natural gas 
upgrading in which special attention is given for the separation of high value hydrocarbons such 
as propane (C3H8) from natural gas and carbon dioxide (CO2) separation from light gases such as 
nitrogen (N2) and methane (CH4). Different types of membranes such as supported ionic liquid 
membranes (SILMs), biphasic membranes, and nanoporous graphene (NPG) and graphene oxide 
(NPGO) membranes are studied.  
The biphasic membranes are proposed to overcome SILMs issues for gas separation. The 
biphasic membranes were characterized using FTIR tests and AFM imaging. The FTIR tests 
showed strong interactions of [emim][SCN] with CA molecules with the hydrogen bonding, 
Coulombic forces, and van der Waals interactions. The CA dissolving in [emim][SCN] is strongly 
affected by these interactions. The gas transport properties of CO2, N2, CH4, and C3H8 through the 
biphasic membrane were measured. In order to assess the gas separation performance of the 
biphasic membrane, the permeabilities of the above mentioned gases through the dope and SILM 
membranes are also obtained. The results show that the permeability of CO2, CH4, and N2 is close 
to those for SILM using the same RTIL. The SILM showed the highest permeability for CO2 and 
C3H8, while the dope membrane was slowest permeable membrane for CO2 and C3H8. In addition, 
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the study of selectivity for biphasic membranes shows that the separation performance of biphasic 
membrane is close to SILM. The stability of the biphasic and SILM membranes are examined as 
a function of retentate pressure and the results showed that the biphasic and SILM membranes 
have similar breakthrough points.  
The main objective of this study is natural gas processing and novel materials such as 
graphene is selected. NPG and NPGO sheets were studied computationally due to the lack of 
synthesizing data for NPG and NPGO. For the efficient separation of CO2 from methane, single- 
and double-layered NPG and NPGO membranes are studied. The adsorption and transport 
properties of the CO2 and CH4 through the NPG and NPGO membranes are determined. The results 
show that an at least two layers of CO2 are formed on the gas side of these materials. For all of the 
films, CO2 has the highest adsorption capacity and further increases with the presence of 
oxygenated functional groups in NPGO membranes. CH4 concentration has a negative effect on 
the CO2 adsorption. The adsorption capacity of addition of both CO2 and CH4 increases by addition 
of a second layer of both NPG and NPGO films. An increase in the CH4 concentration leads to an 
increase to the diffusion coefficients of both CO2 and CH4 for all of the configurations. 
Furthermore, the addition of another NPG or NPGO layer causes a decrease in the diffusion 
coefficients for nearly all CH4 concentrations. The permeance of CO2 is smaller than that of CH4 
for all films. This suggests that the NPG and NPGO membranes perform well for the CH4/CO2 
separation, but not for the CO2/CH4 separation. Moreover, the single- and double-layered NPGO 
membranes exhibit better membrane selectivity for the CH4/CO2 separation than that of the single- 
and double-layered NPG membranes. For the separation of CO2 from CH4 (with the desire to 
maintain CH4 at high pressure), the simulated separation platforms in this work prove to be better 
CO2 adsorbents than CO2/CH4 separation membranes. The molecular insights obtained in this 
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work on the CH4/CO2 gas separation in nanoporous graphene-based membranes can be extended 
to other gas separations using the developed methodology. 
Among the studied membranes, the biphasic membrane is promising for CO2/CH4 
separation in terms of separation performance and cross-membrane pressure. In addition, the SILM 
membrane show promise for the reverse-selective separations such as C3H8/N2 and C3H8/CH4 
separations. Moreover, the NPG and NPGO sheets show better performance as gas adsorbents that 
membranes.  
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CHAPTER V 
FUTURE WORK 
The studied biphasic membranes showed a good performance for gas separation application 
especially for the CO2/N2 and CO2/CH4 separations. However, these membranes have potential for 
improvement. The separation performance of biphasic membranes is highly dependent on the 
casting procedure and it needs modifications. The casting procedure must be modified in which 
the phase inversion of the cast film is slowly achieved since [emim][SCN] is miscible in the water. 
This will improve the gas transport properties of the biphasic membranes. The used procedure in 
this dissertation leaded to a fast phase inversion. The fast phase inversion leads to loose of 
[emim][SCN] into the water. To achieve slow and gradual phase inversion, three approaches can 
be used. The first approach is to use water as casting agent similar to this dissertation and determine 
an optimum time for the phase inversion. In this dissertation, several time periods were considered 
for the phase inversion, however due to the lack of time, optimum phase inversion time was not 
determined. Therefore, a comprehensive study of phase inversion time in water is necessary. The 
second approach is to use a different casting agent in which [emim][SCN] is partially miscible in 
the casting agent. The last approach is to use a mixture of casting agents to determine an optimum 
agent for casting and phase inversion of the biphasic membranes. 
The membrane thickness has a large impact on the gas transport properties and mechanical 
stability of the membrane. The thicker membrane might have a better separation performance, 
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however at high pressures, the membrane will compact and leads to a decrease in the gas transport. 
Also, a thinner membrane might resolve the membrane compacting. But, there is a possibility for 
the membrane at high pressures to crash or RTIL displacement from the pores of the membrane. 
In addition, the effect of pressure on the polymer compacting in the RTIL-membranes has not been 
determined yet. Therefore, a comprehensive study of the membrane thickness at different pressures 
is needed. 
The gas solubility in RTILs is strongly depends on the temperature. In addition, increase 
in the temperature intensifies CA solubility in [emim][SCN]. Furthermore, CA decomposition 
point is 90oC. Therefore, the stability of the biphasic membranes strongly depends on the 
temperature. First, ternary diagrams must be determined at different temperatures to determine the 
stability of the CA/[emim][SCN] solution. The ternary diagrams can also be used to determine 
optimum casting temperature. Then, the stability of biphasic membrane must be examined at 
different temperatures to emphasize the membrane ability to withstand and operate at different 
temperatures.  
To study the reverse-selectivity of the biphasic membranes, the continuous flow instrument 
should be modified in order to be able to test propane and butane transport properties at high 
pressures.  
The NPG and NPGO films can be modified by using different functional groups such as 
fluorine groups. Functional groups have large impact on the gas adsorption and transport properties 
of the NPG films. The NPG films which was modified with fluorine groups showed better 
performance for the CO2/N2 and I think the testing NPG modified with fluorine groups is worth 
investigating. Furthermore, for single- and multi-layered NPG and NPGO, the effect of different 
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pore size on the gas transport through the sheets is necessary. Moreover, a single-layered NPG 
membrane with different pore sizes or a multi-layered NPG membrane with different pore sizes in 
an asymmetric configuration is an interesting subject to study. In addition, the location and 
arrangement of the NPG sheets in the multi-layered separation platforms will affect the gas 
adsorption and transport properties. Consequently, the study of multi-layered NPG separation 
platforms is another route to study. 
In addition, the effect of number NPG or NPGO sheets on the gas transport and adsorption has 
not been studied yet. A comprehensive study of multilayered NPG and NPGO sheets is needed. For the 
multilayered NPG and NPGO sheets several gas adsorption and transport aspects can be investigated. First, 
the path of gas molecules through the NPG and NPGO sheets is an important parameter which requires 
further study. For example, gases like CO2 will adsorb on the surface of NPG or NPGO, in contrast, 
CH4 does not have any interaction with surface and can easily pass through the sheets. Therefore, 
the path of CO2 molecules will be different than that of CH4. Furthermore, the path of gas 
molecules through the NPG and NPGO sheets is strongly affected by the presence of functional 
groups on the surface. Therefore, similar study with different functional groups will emphasize the 
effect of functional groups on the gas transport path, adsorption, and transport.  
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APPENDIX A: CO2 PPERMEABILITY AND SELECTIVITY 
A.1. CO2 Permeability and Selectivity Results 
The permeabilities were determined using the steady state region of data. The pure gas 
permeabilities for CO2, N2, CH4, and C3H8 were determined using initial pressures of 
approximately 30 kPa at 30oC (Table A.1).  
The SILMs showed the highest permeability for the CO2, while the dope membrane had 
the lowest permeable membrane for this gas.  
 
Table A. 1. Experimental gas permeances in Barrers (1 Barrer = 10-10 cm3STP.cm/(cm2.s.cmHg)) at 30oC. 
Membrane Permeability (Barrers)  CO2 
Dope 179±2 
CA/[emim][SCN] 196±5 
SILM([emim][SCN]) 217±7 
SILM ([emim][Tf2N]) 1702.4 a 
SILM ([emim][DCA]) 1237.3 a 
Polyimide membranes 17 b 
a All data are determined from [6]. 
b All data are determined from [79]. 
c All data are determined from [80]. 
 
The separation selectivity of the CO2/N2 and CO2/CH4 is given in Table A.2. The 
selectivity of all the membranes can be similar due to the error associated with the selectivities. 
Therefore, no comments presented due to the similarity in the results.  
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Table A. 2. Experimental gas selectivities at 30oC. 
Membrane CO2/N2 CO2/CH4 
Dope 24±8 9±2 
CA/[emim][SCN] 30±10 14±3 
SILM 37±8 19±3 
SILM ([emim][Tf2N]) 23.1 a 12.2 a 
SILM ([emim][DCA]) 56.7 a 23 a 
Polyimide membranes 36 b 20 c 
a All data are determined from [6]. 
b All data are determined from [79]. 
c All data are determined from [148]. 
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